1. The kinetics of inhibition of calf-intestinal alkaline phosphatase by inorganic phosphate, fluorophosphate, inorganic pyrophosphate, ,B-glycerophosphate and adenosine 5'-triphosphate in the range pH8-10 were investigated. The reference substrate was 4-methylumbelliferyl phosphate. 2. The inhibitions were 'mixed' in that both Km and V were affected, but the competitive element was by far the stronger. 3. In each case the pH profile for the competitive Ki was similar to the pH profile for Km. Since the Km and K, values both change 100-fold over the pH range 8-10, it is concluded that the inhibitors compete with the substrate for the same active site. 4. It was also found that the enzyme preparation hydrolysed fluorophosphate, pyrophosphate and adenosine 5'-triphosphate as readily as it hydrolysed 4-methylumbelliferyl phosphate and P-glycerophosphate. Each pHactivity curve, however, had a different shape, but with the exception of pyrophosphate the activity approached the same maximum value at high pH. 5. Attempts to separate the phosphomonoesterase and pyrophosphatase activities by colunm chromatography were not successful, and the results of other experiments listed suggest that the two activities are a property of the same enzyme. 6. The effect of Mg2+ ions is briefly mentioned: the phosphomonoesterase activity is enhanced whereas the pyrophosphatase and adenosine triphosphatase activities are strongly inhibited in the presence of excess ofMg2+ ions.
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Alkaline phosphatase is inhibited by its specific reaction product, Pi, a phenomenon first described by Martland & Robison (1927) and since confirmed for a wide variety of alkaline phosphatases [e.g. calf-intestinal-mucosal enzyme (Morton, 1955) ; human-placental enzyme (Ahmed & King, 1960) ; Escherichia coli enzyme (Garen & Levinthal, 1960) ]. The inhibition is strictly competitive [calf-intestinal enzyme (Lazdunski & Ouellet, 1962) ; E. coli enzyme (Garen & Levinthal, 1960) ]. However, Pi is not simply a competitive inhibitor but under suitable conditions is also a substrate [mammalian enzyme (Stein & Koshland, 1952; Engstrom, 1961b Engstrom, ,c, 1964 ); E. coli enzyme (Schwartz & Lipmann, 1961; Engstrom, 1962;  Schwartz, 1963) ], the enzyme incorporating P1, or catalysing 180 exchange between Pi and H2180, or both.
PPi is also an inhibitor of alkaline phosphatase (Morton, 1955) and has been regarded as a substrate [mammalian enzyme (Schmidt & Thannhauser, 1943) ; E. coli enzyme (Heppel, Harkness & Hilmoe, 1962) ], though the consensus of opinion at the present time is that the purified enzyme is inactive towards PPi (Stadtman, 1961; Dixon & Webb, 1964) . On the other hand, there are several reports that suggest that alkaline phosphatase is a pyrophosphatase. Perkins & Walker (1958) found that, in rachitic rats, the cartilage pyrophosphatase and phosphomonoesterase activities at pH7-4 were the same. Fleisch & Bisaz (1962) found that alkaline phosphatase destroyed a blood plasma inhibitor of bone calcification, identified as PPi. In human hypophosphatasia, Russell (1965) found there was an increased excretion of PPi. More direct evidence comes from Cox & Griffin (1965) and Moss, Eaton, Smith & Whitby (1967) , who reported that alkaline phosphatases from a variety of mammalian tissues are all active pyrophosphatases. Other phosphomonoesterases have been described as possible pyrophosphatases. For instance, Nordlie & Arion (1964) consider that a liver microsomal glucose 6-phosphatase is also a pyrophosphatase, and Mayer, Campbell, Smith & McKinney (1961) found that a soya-bean acid phosphatase is probably also a pyrophosphatase. Purified potato acid phosphatase has considerable pyrophosphatase activity (Lora-Tamayo, Alvarez & Andreu, 1962) . Other plant phosphatases with claims to pyro-phosphatase activity include phosphoesterases from Pisum sativum seedlings (Pierpoint, 1957) , from white-lupin seedlings (Newmark & Wenger, 1960) and from rice ears and apricot kernels (Ikawa, Nisizawa & Miwa, 1964) .
In the present work we have investigated the effect of pH on the inhibition of a purified alkaline phosphatase from calf-intestinal mucosa by Pi, PPi, ATP, monofluorophosphate and f-glycerophosphate. The effect of pH on the inhibition by Pi is of interest because the inhibitor constant Ki contains a much smaller velocity term (Stein & Koshland, 1952) (Fernley & Walker, 1966) .
MATERIALS AND METHODS
The preparation and use of the 2-amino-2-methylpropane-1,3-diol (ammediol)-HCl buffer system, MUP* and calf-intestinal alkaline phosphatase (EC 3.1.3.1) (preparation AP-1 15436; about 15% pure; C. F. Boehringer und Soehne G.m.b.H., Mannheim, Germany) were described in an earlier paper (Fernley & Walker, 1965 Where Pi determinations were required, enzyme was generally used without any added albumin, the assay volume was 1 Oml. and reaction was stopped by adding 2-0ml. of CuSO4-acetate buffer, pH4-0, 0-4ml. of molybdate reagent and 0-4ml. of metol reagent (Delsal & Manhouri, 1958) . Where albumin was present, 0-5 ml. of 25% (w/v) trichloroacetic acid was added to a 2-0ml. assay mixture, and after centrifuging, 1-5ml. was treated with 2-5ml., 0-5ml. and 0 5 ml. respectively of the Delsal-Manhouri reagents. Table 1 . It is shown below that in all cases except for Pi the inhibitor is hydrolysed at a rate comparable with that for the substrate, but under the experimental conditions the enzyme activity is so low that the initial concentrations are very little changed during the assay. It was determined that the time-course of reaction was linear in the presenco of each inhibitor, provided that 10% total hydrolysis was not exceeded.
RESULTS

Inhibition
It can be seen that in all cases Km is higher in the presence of inhibitor (Km) and V is lower (V'). The plots of [I]/[P] against [I] were all linear, indicating that only one inhibitor molecule is combining with the enzyme. The rate equation may be written:
where v is the observed rate of substrate hydrolysis, V is the maximum rate of substrate hydrolysis in the absence of inhibitor, Km is the Michaelis constant and Ki and Ki' are inhibition constants. The parameters K' and V' obtained in the presence of a fixed concentration of inhibitor are related to the true Km and V values, as follows: Hydroly8is of pho8phates by alkaline pho8phatase. PP1 shows a falling-off in activity at high pH.
[I] (MM)
Identity of pho8phomonoe8terase and pyropho8- given in the Materials and Methods section. The K,, K,', (Fishman, Green & Inglis, 1962 The Km values for pyrophosphate at pH9-5-9-8 in the presence and absence of a fixed concentration are given in Fig. 5 and they compare reasonably of each inhibitor at each of seven pH values in the well with the Ki values given in Fig. 2 . Agreement range pH8-0-9-8. From a statistical analysis of the would normally be expected where an inhibitor data (Wilkinson, 1961) it was possible to derive both is a competing substrate.
Ki and K, values in each instance, but the K, values Attempts were made to separate the two activities could not be determined accurately, because there by ion-exchange chromatography on DEAEwas not sufficient difference between the V and V' cellulose and gel filtration through Sephadex G-100 Table 1 . Inhibition of calf-intestinal alkaline phosphata8e by phosphate derivatives at pH9-2 and 300
The experimental conditions were similar to those described in Fig. 1 . K,,i, K', V and V' values were determined as in Fig. 1(a) and in each case refer to the concentration of inhibitor given in the by calf-intestinal alkaline phosphatase. Enzyme (50m, ug.) and G-200. In each case the fractions highest in monoesterase activity were also the highest in pyrophosphatase activity (Fig. 6 ), but the ratios of the activities showed small significant differences after the various treatments both with respect to each other and also to the adenosine triphosphatase activity (Table 3) .
Effect of magnesium chloride on the activities. As is well known, Mg2+ ions enhance the phosphomonoesterase activity of alkaline phosphatase. The effect of Mg2+ ions on the pyrophosphatase and adenosine triphosphatase activities, however, is mainly inhibitory (Fig. 7) . At Morton (1955) Our own data for calf-intestinal alkaline phosphatase on the whole support the idea that the phosphomonoesterase, pyrophosphatase, adenosine triphosphatase and fluorophosphatase activities are Table 2 . Hydrolysi8 of 4-methylumbeltiferyl pho8-associated with the same enzyme. The pH profiles phate and 8odium pyropho8phate by calf-inte8tinal of Ki for PPi, ATP and fluorophosphate are very alkalinephoaphatase similar to the Km profile for MUP. The simplest Enzyme (40mpg.) was incubated with MUP (1 mM) or satisfactory explanation of these observations is with PP1 (1 mM) or with both (MUP, 1 mM; PPI, 1 mM) at that all the compounds are substrates for the same pH9.19 (0-021 ammediol-HCl buffer) for 30min. at 300. enzyme and compete for the same active site. The Mixtures were analysed for Pi and free 4-methylumbelli-occurrence of K,' would be explained in terms of ferone. Activities are expressed as pmoles of product/mg. inhibition by excess of (second) substrate, which is of enzyme/min. and refer to a 1 ml. volume of assay medium. known to occur with phenyl phosphate (Morton, Activity 1957 ) and PP1 (Schmidt & Thannhauser, 1943) The actual values shown in Fig. 3 are lower than the true values at high pH because of decreasing saturation of the enzyme by substrate (assuming K, = Ki). The conclusion is that the same enzyme is responsible for all these activities and that there is a common rate-determining step at high pH. It is not easy to explain the behaviour of PPi. The ionization at pH9*1 that did not appear in the K, curve is possibly occurring in the enzyme-substrate complex such as to prevent reaction of the fully ionized substrate with the enzyme. If this is the case, an important conclusion would be that there is no change in pK on binding, and this makes the whole process of binding very difficult to understand in terms of an electrostatic interaction. In a previous paper (Fernley & Walker, 1965) it was postulated that alkaline phosphatase undergoes a conformation change during the hydrolysis cycle and that one form of the enzyme combined with substrate whereas the second form reacted to give products. This relatively simple picture cannot explain all the features discussed in the present paper. For instance, Ki (Pi) has a similar pHdependence to Km (MUP), and because K1 must be an equilibrium constant it follows that Km cannot include rate terms apart from k2 (rate oftransformation of the Michaelis complex) that do not appear in
Ki. Yet the evidence suggests that there might be a change in rate-limiting step at about pH9 0: below this pH there is a fairly wide variation in ko for different substrates, whereas at higher pH ko tends to be independent of the nature of the substrate. The relationship between Km and V found for MUP (Fernley & Walker, 1965) 
